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ABSTRACT Looseness faults are widely present in mechanical equipment, and diagnosing these faults under variable speed conditions
remains challenging. To address this problem, we propose a time—frequency modal decomposition method optimized for variable speeds.
To enhance the adaptability of this method across different operating conditions, we have optimized the parameter window width,
obtaining an adaptive time—frequency modal decomposition technique. We conducted experimental validations on both bearing seat
looseness faults and rotating component looseness faults. In the bearing seat looseness fault experiment, we analyzed time—domain
waveforms, time—frequency plots, and the outputs of the adaptive time—frequency modal decomposition. This comprehensive analysis
allowed us to accurately diagnose the looseness fault. In the rotating component looseness fault experiment, we processed variable speed
bearing vibration signals. The proposed method effectively extracted fault features from these signals. Experimental results confirmed
the effectiveness of our proposed method. Both bearing seat looseness and rotating part looseness faults were diagnosed using the
adaptive time—frequency modal decomposition algorithm. Our experiments demonstrated that the proposed method can achieve modal

decomposition of nonstationary signals, showcasing its effective diagnostic capabilities for looseness faults. Overall, this research
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highlights the effectiveness of the adaptive time—frequency modal decomposition method in diagnosing looseness faults under variable

speeds and strong noise backgrounds. The method is applicable to different types of looseness faults and exhibits adaptability by

optimizing parameters to cope with different noise intensities. It is important to note that this method requires instantaneous speed

information from the device, which may impose some limitations on its applicability. However, in practical engineering, the technical

challenge of measuring speed is relatively low. Many types of existing large-scale equipment are already equipped with speed

measurement devices, providing a hardware foundation for implementing this method. Therefore, the aforementioned technical

limitations can be easily resolved. Theoretical analysis and experimental validation in this study indicate that this innovative approach

expands the application potential in the field of signal decomposition, providing a powerful tool for the health monitoring of mechanical

equipment.

KEY WORDS variable speed operating conditions; modal decomposition; looseness fault; strong noise; adaptive

JiE B ML Tl A P2 A O e e 2 —, HZ
ERUEBATR T Tl A 7= B 2 . fE SR
AT B, AU 5 H R AR TE = iR R S R
L T e s — B AR, XA
By T 77 222 At Rl R B . DRI, X e 2 1 s
AR W 55 ke e 12 i R A i .

T AR S By A 2l i B 2 i@ e LA Hh A >
U B R 2 — AR R A A L R UL A AR
By AT Y 7 s Bl R B S A P Bl i AT B
TR B P BR AR MR B 5] K, JE A R T A R 5 R
FETERR BRI BRG] X

T I AT OC T4 2l e i iF 58 A b, 38 42
HTE LAY By 7 2 e By TE O TR E R A AR D
B 068 2 G e 0 22 e v ) Tl e F Bl I, 42 S 2
TR RE A B J1 2R B BEY T AR Bl R] B X T AR X
F G581 Y 2l e 1. KB 5 i AN R AR AE SRR B L
KOt 7Rl B AT T, A EE T POAT i PR, XEAS
[F) 5 3 . AN BN EE T 1Y R Ge 8l g 2w AR T RS
IR B GER FA Bl A T R Y, s A e
B A B [ BR AT 1 S Ak A AT, JF R AR B L
7% 55 5 K B 18] B 09 AH X6 R/ IV 2 B2 5 i) e 3
B 1Y ) e AR A 2 Y 4 3h 62 A8/ TR 3l a) B
BF, B ST T i ) B 5 T S R B 62 7% K
TAS B IA] B, B SR T8 B0 R H 4, i
TGURIF 5 Ry b 20 [ B 9 A B AL T 3R LA

55 [V, 350 532 35 B4 B S AL Bl BB 1Y 12
Wi AR, IR T — 2 R . Yang 55 7558 M 75 15
ST, SR — Ak B AE OG5 A FiAE il 48 30 28
fif 7 1, BIESE T il R AR B R A B R Y S RE AT
PEHL. Gong FE £ th — A 3 T YR Ul L PR A A S
I BEALIESR 5 i, S0 T #4310, Wang F1 Song ™
TR T — g B 0 4% 3l 75 2 8 1 5k SR A 22 48
o 4 R B R B, SR 22 MBS B R BIBE K
. Ebersbach 1 Peng™ 4 & T %L F = il A1 figt I8 4t

Sl A SR Bh B 1 T K R G, TR AL B
5 0] {2 W7 . Kuo S5 U0V I 1] 45 1 fft 28 9 25 )3l
FH T A0 HE 1 R G0 B I2 W, 45 5 BB 3305 4R
o B A0 A% 75 i 2 TN 248 R e £ 2 >0 3R 0, 0 il
PRSI RESE L T 91.7% B2 W IE i 5. 2% 308 1Y
FEXPAT B SRR, 48— PP o i O vk, SRl
T 96.43% 112 Wi 1IE # .. Jafarian Fil Nazarzadeh ['?
TEHE 5 H LA AR Bl R i, 42 00— b = 3l B
TN L BILER A A RN A3 BT O ik, IR EE T L R
I 53 B e AR Bt — b Al R b SRR IR TR O ik
Jung F5 N 5 An U ZEWFGE RS Bl R IR Sl R AE B
& IRHLAE s By B 2 B RO U A i,
PLAFE IR 0.5 F5 45 fe o B RS (H 2, IR TAEZ
BEXFF VAR T, AR e i T 00 R #S Bl R 12 W [
R0 N

HEL L, VLR TAEE R E T T,
S SR I AR R AT S 4 Al R T 2 R
TE, A% G WAF 5 40 M 7 IR TE AL R AR 56 3 T AR 5
ENTITR OB =3 Sy N R 14 ARV = o S 1)/ 75 o TR 2
g RN AN b o7 i N Y2 R SR
A5 ot 7 ik, (B Ry i AR 45 H R
S BB IR o I AR AR R 22, DL R Te ik S
PR A3 il 1 Bl S P0L X F BB L AR B
T AN RS, N TR E BEASIR S i
21 Q) AN N2~ S e L e ] BTN S <
F5 ot ik, fEm xR PR T T ERES
AT T M — 2

FEXF AR AR T 0L F BAE = A M ) R, 1R 3 4
T RS S A3 i O3 R R B AR IR R R T T
I T AR AR 2B T B
FEZM5E TAES, IR 2 T e T T
MRS o i PR BB, 7 I A R AR E I S B a8 Tk
A RIS IE.

Ry v RS A3 i 0 F 3E N RE T, 2 0



-132 -

TRERLF2E, 56 47 5, 5 11

JOE AN [7) T80 (1 7 i B2, AR SR — Al O
PSR BOAR . A [ W P 5 2T o i s 00 7 5
5 2O T I IR 25 0 i O 1 B9 A S o0 A TR BE
I H AR AR BT SO AL 2 B S 1R 1% 07 1%
0 A 5, o ol A B T e e DL A B e e £
SRR

1 EigtEZR

L1 SRR 5 R

If AR 25 0 it e — A B A6 SE B M A T 2k
We AR P A7 5 B o i 145 5 Ab BT 5 0T
AITEAN AL B AN T

e, W TEEAEFRAE T s, R KA
h(r—1t) FEAT I SRR, 77 R ER Y TP I 20 o, 1 TR)
AR 7. bR I BT B AR BT DLARAS D i 2
t AR RAR 5 B BE s(Oh(z—10). 24 0 B Z1 ¢ 16 B
AN TR)H(EL, T 2R A5 X0 45 5 R B 2 o I %)
t AL, XHE S A B s(h(r—o) 2EAT {4 1 A2 ik
BRI R AT L A 4003 . A% B 220 00 33 e BRI 221 ¢ 4RI
HeF, BY M {55 s(o) 19 45 B {8 L A8 466 (STFT) B
W53 A (TFD). S I { FL A5 46 ] 3675 O«

TED(t, f) = {s()h(t —1),exp(—j2nfT)) =

fj: s(nh(t —t)exp(—j2nfr)dr 25

Hrp, fRRFES BRI R, <, >R, I
Ak exp(—j2nft) 2 7 & B2 8] Y Y 1] it cos(2nfr)—
jsin(2xf).

FLWR, e ALAR S 5 5 N, 0 bR 7%
H£(0) 5 RRAE £(0). A R RRAE £ 5 DR
TS () LA AERT 0L 1 i % 5, BB R 1T B Tk
(FCO) P fr BERr ik FCO M %, HAt B Ak
Je(®)
fi(@®)

K4 m B RRAE A2 f7(t) = mfo(t), FE B 5353 A
TED(t, ) W & XA B, IHA 3 TFW,(¢, /) B354
YNSWOF

FCO = @)

1 if [fo-f"0]<w

TEW,(t, f) = {0 (3)

else

I B TEW,, A S5 2 — 4> A 33t 12 v ) 7 2
DU, ZUE P AT LA m B R [0 O L R
7 58 BE S w. TE B S8, TFW,, $UE S 1, K 23 fR &
JE I BN 930 43 A v Y BE . 7E T SESh, TFW,, iU
N0, I A3 A HP R BE FE 2> BB R

SRJA XTI BO> AT TEDCG, f), R I3

TEW,,,(t, /) XFAE U8 I b B, AT 3RAS B vk m (9 R A5 43
1 TFD, (¢, /):
TED,(t, f) = TED(t, f)X TEW, (1, f)  (4)
e, X B m BB 53 AR TFD,(¢, ) 53 5IAE
S S L 396 78 e (ISTFT) , AR5 B UK m (9 I 3 A
5 x,,(0) A, B
Xm(t) = (TED(t, f),exp(2nft)) =
| _+: TED, (1, flexp(2afndf (5

i Ik AR S A i, T 2R IR RS S
o A5 B RS AR R AT — — 4 i, T A KT R 1 B s
WY . 207 B R A5 5 v 45 IS 2 10 TR B 3 A 4 1L
T Al HE.

1 2l 1 B AR o i Y AR T, R AL
B A8 2 e . A A A L ARG L (R S D
BB S S B HR ENNE, TE2 G
JERENE ST RIS R AR, T #2042
G T RS B, I T BN e S AR L T s B
1.2 SHRL

TE MO HT BB, I R X S8 B E AT L h
DALY, T B 0 B AR 285 40 fift 7 1 1) IR P Y 3
fe 1T Bt — oY

R, AR AN [ MR R SR R, SR FH B A AR
BT 5 o A B E s AR R EL . BAEOC R
BOEFE bR A A A 8 bR, XSRS AT A
Br, RIS T8 w 54805 A i it 42 X 98 w b AT
P e B, 2 A5 e A [7] T30 85 5 a7 9, A
TS B 38 7 B A28 0 i

e, UL g 2 BRI E 5 s(0) i oE X}
4, s(f) LR

s()=N({t)+uy+ups+ujs=

3 t
N@®+ )Y A;cos| | 2nfi(t)dt+ ¢;
O+ 3 reos{ [, 2nfi0r ) .

Hor, W@ {H A, Ay, A3 535181, 0.5, 0.5, WML 94, ¢,
03 0 0. N(i) o 5 397 (1 W8 75, i ok awen B BGIEAT VR
i, 151 H (SNR) BUE A [-20 dB, 0 dB]. s(7) B {5 5
KN L, 085 By A X A5 00wy BY IR N
0.5% [ W Bl B FR AR B 23 wg 5. VIR 1.5% B B Bl ik
R s TR (== Rt e 7NN TN T TR 1)
ARSI 50 £1(0). fos(0)- f1.5(0), FFRE XAE(T)

fi(®) = f(r) =10+ 40

Jos(1) =0.5% fu(1)

Si5(6) = 1L.5X fi(2) 7

SRIA, RIS S 0 R, 727 58 w BUE



B PR AR T O FA Sl SRR 3 L IR 2 i 133 -
TN , I || Ty
THHIH e
Original signal | | | | | |
|I I|| 411 || ||I| | I| AT
||III|||| I|l||||'|'|‘||'| ] |I|I||I|||||||I| !
STFT %
Tim-frequency /
transformatione
Dot product
/ TFW, TFW,,
Time-frequency ._._________.-—-"'_
decomposition
TFD TFD,,
ISTFT O
Signal I
reconstruction |
Output of x, Output of x,,
B BRI i
Fig.1 Time—frequency modal decomposition
CSNR,,, = Norm(C,,) X Norm(SNR,,) (10)

K [1,20] TS RE N, X5 s(f) R 0.5% 1 1.5%
MRS TEAT O3 A, 3RAR A LS B SO x,(0).

PR, MR G P8 FR CSNR R 25 B 25 ) 8
T x,(0) AT ARSI, R BURALE YE. #H: CSNR
T B LAE MR L SNR , fi A Hh B AHDC R EL C AL,
BT ¥R m ) SNR E XK

0

Mn

i=1

(8)

SNR,, = 101g —
D o) = (0))?
i=1

Bk m ik Ay AR R C, E A

L
D (D) = ) (1) = Fo)
i=1

Cn=—= (9
J D W) = ) (on(D) = %)
i=1
XL, w0, FER BT m R S04 5 x,, %

ARSI i R O m AR S O, X,
IrINERIR w,, F x,,, BHIME.

SNR,, Fil C,, PiA™ 6 b5 73 30 FRAE AR = B AN [R] 4f
fiFJ2 18I . F4 3 Rl 45 15 B5 CSNR,, K [F] B R AR 4 15
SR P FRHEZ T . $8 B8 CSNR,, #E Ll

X H, SNR,, 5 C,, W BHE 15 B A R, SNR,, (1Y
JBHI Z 8 10 dB LA L, 1 C,, W RN [0, 1]. B It
BB AE AR AT —1k. 2 .(10) FF Y Norm 75 1
—Ak, 33X LR A 0 — A 2 A 2 M ok B0 — 1k,
XF Ji 06 48 B B R AT M AR o, ol 5 SR g 2 [0
1] A3 Bl P S BT D s 500 1) 46 L 4 Mﬁ'ﬁzé
Wi AN [F) 48 Bm B8 (B IX () 22 557 R A 52 ). SNR 5 —
it A AN

SNR — min(SNR,,,)

Norm(SNRy) = o e NR.) —minSNR,) 1
CIH—1bitE AN
Norm(C,,) = — &~ min(Cm) (12)

max(C,,) —min(C,,)

B AN TR B U, T i A M L SO [] $5 (i 1
24l T % 9 w5 CSNR G R (Bl 2) . MR 45 & 2(a)
LR B 0.5%B R 9 CSNR, s FT A 2(b) B HLHY 1.5%
Bk B CSNR, s #1 4k, AT DAL EE 3 75 A [F] 4] 4 Mg 75
SR BT, Bl B w0 B B9 5 0, CSNR £l 1 & B
RIS SR I oo 2 et S () SR R G
TR 2, Bl G 90 16 15 R b B BEAIK, CSNR BT B
AR B BT X 7 14 B3 D 18 501 3% W R AR 3 A I
HARTE 58 w RELE 4 224, B, FRATAT DL 2



- 134 -

TRERLF2E, 56 47 5, 5 11

B w=4 150 B3 58 2 B i e AR R %, AT 52 B 1
O FRF BB 285 73 ik

2 FHIEWIE

TR RS S S =28, A SR I 3(a)
) S JRE I AT VS R e K S B ) S A P s 181 3(Db)
P A B R R R A A S5 18] 3 () B EAR | Bl R N ER
AR B A1 i A Sl U200 B VR RRAGE 4 ) R T
& 3(d) . K 3(e) F1E 3(F), RSl Oder %78 B
U, G A RN MEAR. By U el UL, 18] 3(a) 254
BRI UL B I FRARRRAE, 11 3(b) FIIE 3(c)
H AR 25| K 0.5x B IR AFAE.

Sk K 56 T 2 O % AE B B R 2 W O T R
A, 76 S0 2 P 35 8 T il R A8 SR AR B Bl i R 12 W
SEE L X TR 3() Ze ik R R R, X TR R
AL R G TR RN S s 04T T 80 REE S

(a)

1.0 Input SNR
—>—-20dB
-15dB
| ———10dB
0.8 | ———5dB
—=—0dB
m 0.6
S
I~
Z
wn
© 04}
0.2F
0 1
0 10 20

w

B5AE, X R T & 3(c) k.
2.1 GHARERTH

Shy 95 I T B T R A AL Bl B 12
W R, A S 00 v T AR A R Bl R e
WL &, PEAT SRS Sl 2 I 0 IE.

K4 250 T REMG SIS, 200 6 H A
ETIFK S KW BIHHL(ES 4 198BGL-H5P515/120)
KB A g i CX-SD100*50 B3 R HL T, Jiti
T A2 1) 7 2 3.9 kNL S5 56 Hh BT A A il A S
J& MFR78118, Ze47 SRl 5k SKF-NU208ECP.
K HINI-9234 BU 5 ({5 5 RE R, REM R E
4 10240 Hz. 3% JH] DH-1A202 %5 [ fin 3 35 14 Sk s
D R A5 5, SR FH R A W BT 1) T 248 2 A I e
7 P ol 7 B 1 T
211 TH1

SRy RSOl R JE s SIS, A 4 2 B R JBE I G

(b)
1.0 Input SNR
—>—-20dB
-15dB
i ——-10dB
0.8 F —4——5dB
—=—0dB
m 0.6
=
~
Z
75]
© 04t
02+
X\
0 1
0 10 20
w

B 2 SIS ORI EUER, W58 w SARBMIRAES CSNR KR, (@) w 5 CSNRy s IIZEFR; (b) w 5 CSNR, 5 KA.

Fig.2 Curve of w versus CSNR when input SNR takes different values: (a) curves of w versus CSNRy s; (b) curves of w versus CSNR; 5

<

N
|

Order

Order ' O?der

B3 FAShEB BT, (a) Z5HHREN; (b) RlURIESRIEARZD; (o) HRIFFASD; (d) SEAFASIIITIE; (o) RIS SNIIGE; (f) ARIHAASIITE

Fig.3 Looseness fault and order spectrum: (a) structural looseness; (b) bearing support looseness; (c) rotating parts looseness; (d) spectrum of structural

looseness; (e) spectrum of bearing support looseness; (f) spectrum of rotating parts looseness



BLYRAE AR T B0 A Bl SRR R I AR 2 o A

<135

I R T R AR Y by R B, (A KA 4 mm Y
FA B (8] B 8 H ML R A R e ot e gk AT AR
b, A8 T 0 A 4 B 05 R 30 Hz 1Y 2 s 17 By
B, DL REE BRAR A 2R Sk 5 Hzes™ 10 3 8 17 By B
R B BERF R B 0.5 s B s, W EE S £(0) T
AR (13):

30, 0<r<0S5

@ éHﬂi 05<t<15

T HAR B R A il R R A B R IR B M S
s(t), 1B R I ARALAS o0 M 1 i A A 5. [RIA, 3o
PLBLE B IS = £(0), 7E [0.2, 1.9] Bir I X [H] 4 1
A G 2 TFW,, (¢, f), I BEAT I ARURSE 28593 %

P 5 il 172 B T TR Sl ol R R S Bl e )
WA B 5(a) ] T IRBIE S s(0) A
. B mes™ b R] LB 0 AR o AR e il
fiE, EPIE T IOr e e B WA LR, MAE IO b
7 W Sy 5 Y st Sl v o TR, K i R JRE A Bl Y
SLRVRFAE . [R] AF, AR T E AR, ) T ke
WS/ TR S BE [ 5(b) BAF 5 s() 1Y
WAL, I P P AR AT DX 77 A E R SR 4R, JC
8 AR AN B 1Y 0.5 A5 AR AU 2k, TR TE 12
FIWr A JC AR SRR P 5(c) Dy 3 B I 2
figk Ay L 2 BUIR PR T8 w=4. [ 5 ] UL, 7R B 0
(0.5 AL A B BE S, I IK B EEBURE 1 AY 2 1%

s | Hydraulic cylinder
ii I......

R Force sensor
Wit

; = i -
. —_([F— 13
Left support Tightening bolts Right support '

7

B4 GRS SIS

Fig.4 Bearing seat looseness fault test bench

(@)
0.10
& 0.05
g
> 0
-0.05 - !
0 0.5 1.0 1.5
t/s
(b) 100 0.20
0.15¢
T 50 0.10
g .
0.05
0 0 : : -
0 0.5 1.0 1.5 0.5 1.0 1.5
t/s Order

B5 TOL 1 AAURBERS SRR, (a) ISR L (b) AL (c) 11T I ARTEAS 70-ffn td

Fig.5 Fault diagnosis of bearing support looseness fault under operating condition 1: (a) time—domain waveform; (b) time—frequency distribution;

(c) adaptive time—frequency modal decomposition output



- 136 -

TR, 56 47 45, 5 1 1

AL, Ul W1 I I 2 28 77 7 55 O S ) il 7 3 A B
.
212 T2

SO £ T 00, KR ARFA Sl [E] BRI 4 6 mm,
BEAE FLAILAS IR R 031 £1(0) 3K (14):

25, 0<1<0.5
fit)=15(t-0.5)+25, 05<t<1.5 (14)
30, 05<r<18

K SC R BT R 7, A T 2 W95 S BEAT Ak
BB 6 220 T T 00 2 {55 Ab BREE L. R ] UL,/
F U2 AN B0 18] B 1 K 5 6 mm, 8] 6(a) H I e 3k TE

(a)

) (A BT 5(a) AR (EL 0.08 354 5] 0.12. 5] 6(b)
A PR P o s A, TCT LA T2 . 18] 6(c)
Y BT R T AT DL 0.5 B IR fig it iF — 2D B, R
SCHR 0.18 $2 713 0.22, B 45 4> A 1L5xB IR,
/3B PEVO F5 5 FEAIK.
2.2 HEEEREMAEN

WE 7 fR, BT RRERES R G H EHI 6§
KENHLIK S, Fe KA N 1180 N-m, 5h 7 i i 5k
I 1 1 5 1% 2l b A 2o B AR SR AR 1 3R [R5 oREE R
4tk DH-5925N, f&J8& 2% i DH-1A315 J& =X i
JEAGIRES , SRAEAN AR 10240 Hz, 256 78 B 25 ]

s (£)/(m's?)

(b)
100

50

fIHz

0 0.6 1.2 1.8

t/s

0.5 1.0 1.5
Order

Be 102 BRURIERMSITIGIZNT. (a) RHEPIEE; (b) I, (c) 1 LI AT S fige i i1

Fig.6  Fault diagnosis of bearing support looseness fault under operating condition 2: (a) time—domain waveform; (b) time—frequency distribution;

(c) adaptive time—frequency modal decomposition output
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Fig.8  Diagnosis of rotating part looseness fault in certain engineering equipment under operating condition 1: (a) time—domain waveform;

(b) time—frequency distribution; (c) adaptive time—frequency modal decomposition outputs
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Fig.10 Diagnosis of rotating part looseness fault in certain engineering equipment by variational mode decomposition under operating condition 1
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Table 1 Statistical result of PEVO in looseness faults by TFMD

Test Number Order=0.5x Order=1x% Order=1.5x
1 0.092499 0.0933931 0.183413
2 0.103231 0.0976907 0.186211
3 0.093840 0.1139052 0.167082
4 0.116481 0.0933782 0.174618
5 0.105514 0.0814482 0.189346
6 0.113997 0.0907716 0.198186
7 0.130626 0.0760067 0.189975
8 0.115979 0.1014092 0.171659
9 0.124945 0.0942314 0.168231
10 0.109956 0.1067112 0.194692
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